SUMMARY Echocardiograms (echo) and vectorcardiograms (VCG) from 40 infants with ventricular septal defects (VSD) were compared with cardiac catheterization data to assess noninvasively the hemodynamics of VSD. The specific aim was to use VCG parameters of right ventricular hypertrophy and echo parameters which reflect pulmonary artery pressure to identify all patients with a nonrestrictive VSD. The configuration of the QRS vector in the horizontal plane was more reliable than individual voltages in assessing right ventricular systolic pre-ssure. Among patients older than 2 months with a clockwise or anterior two-main-vector horizontal loop, 73% (eight of 11) had a nonrestrictive VSD. However, a counterclockwise or posterior two-main-vector loop was also frequently found (43%, six of 14) in infants with a nonrestrictive VSD. The most useful echo parameter was the ratio of right ventricular preejection period-to-right ventricular ejection time (RPEP/RVET), which closely (r = 0.74) reflected the pulmonary artery diastolic pressure. An elevated RPEP/RVET to greater than 0.30 was always associated with a nonrestrictive VSD, although many patients (36%, five of 14) with a nonrestrictive VSD had a normal ratio. By combining both echo and VCG parameters, a nonrestrictive VSD was correctly identified in all patients, while a restrictive VSD was correctly identified in 81% (21 of 26).
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ISOLATED VENTRICULAR SEPTAL DEFECT
(VSD) is one of the most common forms of congenital heart disease.' The complex hemodynamic changes associated with a VSD are a function of both its size and the resistance and compliance of the pulmonary and systemic circulations. Right ventricular (RV) systolic pressure is primarily determined by the size of the VSD, but resistance and compliance of the pulmonary vascular bed are also factors. Similarly, the extent of left-to-right shunting depends on the size of the VSD and the relative resistance of the pulmonary and systemic circulations.2 Most infants with large defects develop congestive heart failure (CHF) in the first months of life and may require sequential cardiac catheterization to assess the size of the VSD, the amount of left-to-right shunting and the pulmonary vascular resistance (PVR) as a prerequisite to corrective surgery. [3] [4] [5] [6] [7] The hemodynamics of infants with a VSD are often assessed by echocardiography and electrocardiography. The echocardiogram (echo) has been used to estimate the pulmonary-to-systemic flow ratio (Qp/Qs) and the pulmonary artery diastolic pressure (PADP).8"-1 The vectorcardiogram (VCG) has been suggested as a means of assessing RV pressure"2 and PVR,13 but few reports have correlated the degree of right ventricular hypertrophy (RVH) with hemodynamic data in infants with VSD or the degree of left ventricular hypertrophy (LVH) with Qp/Qs.
In this study we report the specificity and sensitivity of the echo and VCG in assessing the hemodynamics of VSD in infancy. This combined noninvasive approach, using both echocardiography and vectorcardiography, has not been previously evaluated.
Methods and Subjects
The study group was composed of 40 patients (18 males and 22 females) less than 1 year of age (range 1-12 months) in whom an isolated VSD was confirmed by cardiac catheterization. Each infant underwent cardiac catheterization based on the development of CHF and/or clinical evidence of significant pulmonary hypertension. Those with CHF were treated with digitalis and diuretics, as needed. Four patients had significant left-to-right shunts at atrial level, defined as a persistent step-up of at least 5% 02 saturation in the right atrium. The diagnosis of a patent foramen ovale, rather than a true atrial septal defect, was made in three of these four infants, since they had a difference in mean atrial pressures of at least 3 mm Hg, implying a restrictive defect. ' were recorded on computer punch cards and then analyzed with a PDP-11 computer (Digital Equipment Corporation). The tion units, or critical ratio). 20 The statistical analyses included simple and multiple linear regression (BMD program 02R),21 the two-tailed t test and Fisher's exact test. Unless otherwise stated, the level of significance was specified as p < 0.05.
Results
Hemodynamic Data (table 1) The patients were divided into three groups by RV/LV pressure ratios. Those with a nonrestrictive VSD (RV pressure at least 75% of systemic pressure) were designated group A. Those with RV pressures less than 50% of systemic level were designated group C, and those with RV pressures between 50-75% of systemic level were designated group B. Within group A were 10 patients with isolated VSD (group A-1) and four patients with VSD and significant left-to-right shunting at atrial level (group A-2). There were 11 patients in group B and 15 in group C. Although the mean LA/Ao was significantly elevated in all groups except A-2, the correlation between Qp/Qs and LA/Ao was only fair, and did not allow accurate prediction of Qp/Qs (figs. 1 and 2). In group A-2 patients, the smaller than expected LA/Ao could be explained by atrial left-to-right shunts ( fig.  3) . Similarly, the mean LA/M2 was elevated in all 
R VED
The RVED was always increased to greater than 2 standard deviations above the normal value in patients with atrial shunts (group A-2). Three of these four infants had abnormal interventricular septal motion. The RVED was usually normal (28 of 36) in the remaining groups, although an enlarged RVED was more often encountered in group A-1 (four of 10) than in groups B (three of 11) -I\ -R-.:r--.. Pa3 main-vector loop had a 10% false positive rate and a 43% false negative rate. A RPEP/RVET > 0.30 was calculated in nine of 14 patients with a nonrestrictive VSD and was never calculated in patients with a restrictive VSD. Thus, an elevated RPEP/RVET could be predictive of a large VSD with a 0% false positive rate and 36% false negative rate. When these two criteria were combined so that a nonrestrictive VSD was predicted by either an elevated RPEP/RVET or an anterior two-main-vector or CW vector loop, the false negative rate decreased to 0% and the false positive rate remained 19%. This allocation of the patients was highly significant (table 7) .
VCG and ECG
The construction of the horizontal VCG loop from the standard ECG recording was accurately done in all patients with a CW or CCW pattern. However, in those patients with two main vectors (12 of 40), the site of crossing of the horizontal loop with respect to the origin was frequently different from the Frank VCG.
Discussion
The natural history of VSD in childhood is usually benign, although when the defect is large, so that pulmonary hypertension is severe, the clinical course may be malignant. [1] [2] [3] [4] [5] [6] [7] Although cardiac catheterization in infants is relatively safe, it does have some risk.22 Therefore, a reliable, noninvasive exam that clearly identifies infants with large VSDs would be helpful in patient management. Patients with a large VSD require cardiac catheterization and perhaps corrective surgery in infancy. Infants with a restrictive VSD whose CHF was controlled might be studied at an older age when cardiac catheterization could be done more safely.
This study differs from previous echo studies in that our patients were younger, had larger defects with greater left-to-right shunts, and many had CHF. We found LA/Ao and LA/m2 have about equal, but only fair, value in predicting Qp/Qs in our patients. Bloom9 and Lewis8 found a linear relationship with the smaller than expected LA/Ao, suggests that an additional atrial left-to-right shunt may be suspected in an infant with a VSD. The result that some infants with an isolated VSD had a large RVED is analogous to angiographic RV volume studies. 27 Echocardiographic parameters of contractility, %SID and Vcf, were either normal or enhanced, despite clinical CHF. The normal %SID in association with a dilated LVED would imply an enhanced stroke volume. Tachycardia, rather than increased %SID, was responsible for the increased Vcf. The increased Vcf was consistent with a previous study,28 but could not be used in predicting the amount of left-to-right shunting in VSD. In the small group of infants with atrial shunts, the %SID and Vcf are difficult to interpret because of the abnormal interventricular septal motion.
The RPEP/RVET is an extremely specific but poorly sensitive test in the identification of infants with a nonrestrictive VSD, since it is most closely associated with PADP, rather than PA or RV systolic pressure. The nonlinear relationship between PADP and RPEP/RVET is very similar to our previous reports, which included patients with a variety of congenital and acquired diseases. 10 The voltage amplitude parameters of RVH were poorly correlated with RV pressures. Although the ZA is often used clinically to assess RVH, its correlation with RV pressure in this study was very poor. We cannot substantiate Ellison's finding'2 of a good correlation (r = 0.65) between RMSV and RV systolic pressure.
In infants older than 2 months, severe RVH is manifested in the horizontal plane by a large XTR and ZA and a CW or two-main-vector orientation, while mild RVH is manifested by a less accentuated XTR and ZA with a CCW orientation. We found the configuration of the horizontal VCG loop was more valuable than individual voltage parameters in assessing RV pressure. All infants older than 2 months with predominant RVH had RV pressures > 50% systemic, and frequently > 75% systemic. However, many infants with large defects had predominant LVH, and thus falsely negative tests. Therefore, a CW or anterior two-main-vector loop is a fairly specific but insensitive indicator for a large VSD. Ellison et al.12 observed that all of their patients older than 2 months who had either CW or two-main-vector loops had RV systolic pressures > 60 mm Hg. However, no mention was made of the site of crossing of the horizontal loop. Perhaps many of them had loops which crossed anteriorly, as in our patients.
In a comparable study, Ellison et al.'2 found a mean LMSV (2.57 mV) similar to ours and stated that the correlation of LMSV with Qp/Qs was poor. The LMSV and XL may be counterbalanced by the relative RVH, since the group with the least RV hypertension (C) had higher mean values for these voltages than did the group with the greatest RV hypertension (A-1), despite a lower mean Qp/Qs.
Similarly, groups A-l and B (which had a comparable mean Qp/Qs) showed a mean XL which increased as RV pressure decreased. The LMSV may also vary inversely with the degree of LV chamber enlargement, as in adults. 30 32 By multiple regression analysis of several VCG and echo parameters we were not able to predict RV pressure accurately. However, by using a combination of echo and VCG findings, we could retrospectively identify all 14 infants with a nonrestrictive VSD, with a relatively low false positive rate (19%). This combination of RPEP/RVET > 0. 30 and/or predominant RVH of the VCG loop therefore increased the sensitivity of noninvasive assessment of VSD size.
The complex hemodynamic changes in infants with a significant VSD are reflected by their abnormal VCG and echo results. Previous studies8' 9 12 have reported separate use of VCG and echo in infants with VSD. However, we found that one apparently cannot use a single test to predict reliably the size of either the VSD or the Qp/Qs in infants. In this report we used the VCG and echo results together to predict hemodynamics, rather than comparing these noninvasive tests with the physical examination or chest roentgenogram. We believe the physical examination is a very useful in assessing the hemodynamics of infants with VSD. The number of infants in group C 393 VOL 59, No 2, FEBRUARY 1979 would have been much greater had we not made the diagnosis of a small VSD on clinical grounds. The infants in groups A and B were not as easy to differentiate, particularly in the presence of CHF and tachycardia. Our experience also suggests that the roentgenographic chest examination allows a less reliable estimate of the Qp/Qs than the echo LA/Ao ratio. Prospective experience with a combined VCGecho technique may allow reliable identification of infants who are at greatest risk of developing pulmonary vascular obstructive disease during infancy.
